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Abstract Nowadays many of the power systems are facing serious problems
because of the lack of know-how to utilize the available renewable energy resources
(RER) so as to balance between the power supply and demand sides. As the
consequence of the power unbalancing into their distribution networks, under fre-
quency load shedding (UFLS) which leads to life span reduction of various
expensive equipment and deteriorating production in general are of much concerns.
Thus, proper control system for the load ﬂow in a system like microgrids (MG) with
RER in general is the ﬁrst thing to carry out the assessment with the aim to solve the
power balancing problem within the power system networks. Actually, the major
problems which many utilities are facing all over the world are how to utilize the
available and future energy resource reserves in order to balance between the
supply and demand sides within their power distribution networks. Moreover,
because of the quick, improvised and unforeseen increasing number of consumers’
power demands and lack of additional macro energy resources plants which can
favorably respond to the instantaneous consumer requirements, optimal control
strategy (OCS) is inevitable. The OCS is required to maintain the steady-state
operations and ensure the reliability of the entire distribution system over a long
period. For that case, the OCS is required to principally stabilize parameters such as
voltage, frequency, and limit the injection of reactive power into the MG system
under stress. Therefore, in this chapter, the OCS is proposed as an approach to be
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applied in an intelligent way to solve the UFLS and blackout problems (BP) in a
typical MG with RER. The proposed control solution is analyzed using emergency
power supply reserves integrated with RER. These typical energy resources can be
wind and photovoltaic (solar PV) systems associated with the battery energy
storage system (BESS), hydro pump storage, biomass power plant and fuel cell
systems.
Keywords Optimal control system (OCS)  Microgrid (MG)  Under frequency
load shedding (UFLS)  Wind turbine  PV system  Batteries energy storage
systems (BESS)  Renewable energy resources (RER)
1 Introduction
Energy industry has been the major driving force for the technological development
of mankind through the famous biological theme of “survival of the ﬁttest.” Actually,
the world population grows in arithmetic progress with the demand for energy. The
conventional power generating systems utilize fossil fuel (i.e., coal, gas and oil) as
their primary input sources to the boiler for combustion. Now, the by-products of the
combustion system (such as CO, NOx, and SOx) are the major causes of environ-
mental pollution which is detrimental to both human and animal health. In fact, the
carbon dioxide (CO2) emitted during combustion has been identiﬁed as the main
cause of global warming which result in undesirable climate change. Thus, to
eliminate the dependent on fossil fuels as the primary source of energy and mitigate
their environmental consequences, renewable energy resources (RER) like photo-
voltaic (PV), biomass and wind energy are the promising solutions [1].
More speciﬁcally, a small-scale power generating system close to the customers
is considered as a microgrid (MG) system. Technically, small capacity power
generating units such as those using RERs can be integrated in the MG system.
Some of the advantages of adopting the concept of the MG system include
reduction of line losses, network congestion and line costs by increasing the energy
efﬁciency [2]. On the other hand, there are challenges which hinder the direct
implementation of the RERs in the form of MG system into the existing power
networks. These challenges are voltage and frequency control, intelligent energy
management systems, power converters control systems which link various power
generating units in the MG system, and investment cost practical implementation as
well as the social acceptability. However, the higher level of ﬂexibility and relia-
bility provided by the MG system when run both in grid-connected and islanded
modes of operations outweigh the above-mentioned challenges when observing
from the grid perspectives. In that case, the MG system and its components may
physically be close to customers and distributed geographically depending with
their energy resource allocation [3].
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The concept of the MG is that many micro generators are connected to grid with
the objective to reduce the need of the network distribution system [4]. However,
the MG can be integrated with the network system but this can produce a problem
to the safety and reliability of the grid due to the net loss of line ﬂow, voltage and
power quality [5]. Generally, the MG operates in two modes which are islanded and
grid-connected. For single MG, different control strategies are used to stabilize the
output which utilizes P-f and Q-V control modes for grid-connected and isolated
mode [6]. The combination of a series of control strategies are utilized to enable
stable operation of the MG in each mode and switch smoothly between the two
modes [7]. A blackout in a power system refers to the absence of power supply in a
given area/community for a short or long period. These power blackouts can occur
due to natural disasters or technical reasons. The stable operation of a power system
requires frequency and voltage to be constant [8]. When power grid fails to supply
sufﬁcient power [9], the appliances of under frequency load shedding (UFLS)
models could improve the system frequency dynamic response and enhance the
stability of power grid and in the past many researchers have focused on this subject
[10]. The UFLS models describe the detailed procedures of how many steps should
be taken and how much load should be shedded at each step [11]. Load shedding
scheme based on frequency alone has several disadvantages, among which are the
load may be tripped unnecessarily at low import level and too much load tripped at
high import level [12]. The traditional or conventional load shedding approach does
not provide optimum load shedding solution and cannot deal efﬁciently with
modern and complex power systems [13, 14].
To address these problems, the application of half-adapted and adapted methods
UFLS with less amount of loads being shed compare to the conventional systems
have been presented [15]. Although, nonlinear optimization model can solve this
problem more accurately, this method is very lengthy, that is, it increases com-
putational complexity when practical results are of interests as it takes longer time
[16]. Alternatively, computational intelligence techniques which have robust and
ﬂexible properties when dealing with complex nonlinear systems could be an
option in addressing this problem [17]. The limitation of computational intelligence
techniques restricts their applications in load shedding in real time [18]. Because of
this reason, this chapter discusses a solution regarding load shedding and blackout
problems into the MG power system, and proposes a method of controlling the
voltage and frequency within the MG system when operating in grid-connected
mode as well as in islanded mode.
The chapter is organized as follows: the general introduction about the chapter
which includes the problem statement, literature review on MG concept and control
methods is provided in Sect. 1. In Sect. 2, the general conﬁguration of the MG
system is prevailed with brief description of its various components including
renewable and nonrenewable energy technologies while Sect. 3 presents their detail
operating characteristics. The contribution of renewable and nonrenewable
resources into the MG system is explained in this section by highlighting the
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problem statement, objective function, system constraints and later on simulation
studies are presented. The conclusion and technical challenges to further improve
the performance of the MG systems are brieﬂy explained in Sect. 4.
2 General Conﬁguration of the MG System
The main work with electric utilities is to design and implement Community MGs
that utilize local renewable energy resources to provide a reliable and cost-effective
foundation for a modern grid. The operation principles the MG system technologies
is based on the number of its main components applied at supply and customer
sides [19]. The fundamental of realizations activities for different types of renew-
able energy technologies and others sources of energy include the major points
listed as follows: land clearing for site preparation and access routes; excavation,
blasting, and ﬁlling; logistic aspect of materials and fuels; construction of foun-
dations involving excavations and placement of concrete; operating cranes for
unloading and installation of equipment; construction and installation of associated
infrastructure [20], construction and reticulation plans of power cables; and closeout
and decommissioning activities may include removal of project infrastructure and
site rehabilitation [21]. The next subsections present the details characteristics of a
MG system containing various renewable energy technologies which can be used in
the MG system.
2.1 MG System General Model
This section explains an overview of the MG with various renewable energy
technologies (RETs) looking on the principles of their operating characteristics and
limitation. Their conﬁguration when operating as MG system with power elec-
tronics interfaces is also brieﬂy highlighted in the Fig. 1 The MG shown is con-
taining RETs such as diesel generator, micro-hydropower, hydro pump storage,
wind turbine generator, PV system, inverters, bidirectional converter and a battery
storage system in case of power shortage when there is no power from any of the
supply sources. From the demand side, there are a certain number of loads to be
feed with power during the speciﬁed period of the day according to the daily
consumption needs.
As said before, the subsections of the Sect. 2.1 give the brief descriptions and
the operating principles of some of the RETs to be applied into the MG system with
the objective to keep the power system operating continuously.
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2.1.1 Micro-Hydropower System
The micro-hydropower requires water from the river to be channeled through a
basin where sediment which may damage the turbine is removed. The water is then
passed to a tank before ﬂowing downhill through a pipe called a penstock.
A turbine is located at the bottom of the penstock and is driven by the force of the
falling water to produce electricity [22]. The communities should be made to
participate fully from the beginning in order to own the project and maintain it
through its lifetime. Once the system is in operation, the local people pay a small
charge to use the electricity, which is used to cover maintenance and the eventual
cost of replacement. The locals are also involved in the construction which will
enable them to maintain the facility [23]. Today, small hydropower projects offer
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Fig. 1 Representation of a MG system general model
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emissions-free power solutions for many remote communities throughout the world
such as those in Nepal, India, China, and Peru as well as for highly industrialized
countries, like the United States. The energy head in the water ﬂowing in a closed
conduit of circular cross section, under a certain pressure, is given by Bernoulli’s
equation [24]:
H1 ¼ h1þ P1c þ
V21
2g
ð1Þ
where H1 is the total energy head, h1 is the elevation above some speciﬁed datum
plane, P1 the pressure c the speciﬁc weight of water, V1 the velocity of the water,
and g the gravitational acceleration. The total energy head at point 1 is then the
algebraic sum of the potential energy h1, the pressure energy P1/c, and the kinetic
energy V1
2/2g, commonly known as the “Velocity head.” For an open channel, the
same equation applies, but with the term P1/c replaced by d1, the water depth [25].
2.1.2 Photovoltaic System
PV technology system seems to be the simple and desired method because of its
easier method of maintenance, installation process, which is highly important in a
small, remote island nation with limited technical expertise or access to replacement
parts. It can be developed as a distributed system of small-sized systems, which can
spread beneﬁts widely and has the potential for widespread replication. The ﬂexi-
bility of the grid stability and grid management is increased by the predictable PV
system. The major opportunities to develop PV technology is signiﬁcant in private
sectors where the systems seems to be economical and competitive compared with
other options and the government expects it to become more so in the near to
mid-term [26]. Figure 2 represents a diagram of PV system supplying the AC load
via inverter and the DC load via a controller.
Fig. 2 PV generator system diagram layout
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2.1.3 Biomass System
The value of a particular type of biomass depends on the chemical and physical
properties of the large molecules from the source [27]. More recently, fossil bio-
mass has been exploited as coal and oil. However, since it takes millions of years to
convert biomass into fossil fuels, these are not renewable within a time-scale
mankind can use [28]. Burning fossil fuels uses “old” biomass and converts it into
“new” CO2; which contributes to the “greenhouse” effect and depletes a nonre-
newable resource [29]. Burning new biomass contributes no new carbon dioxide to
the atmosphere, because replanting harvested biomass ensures that CO2 is absorbed
and returned for a cycle of new growth [30]. One of the dilemmas facing the
developed world is the need to recognize this time delay and take appropriate action
to mitigate against the lag period [31]. Biomass can be converted into three main
types of products such as electrical or heat energy, transport fuel, and chemical
feedstock but of particular interest in this study, the main purpose here is the
generation of electricity [32]. The biomass system typical plant diagram layout is
presented in Fig. 3 As this can be seen in the diagram, the biomass heat system is
characterized by the input parameter Qin and outputs such as the energy from the
turbine Wt, cooling water Qout, and the pump Wp. The design of a biomass plant
technology is based on these four main factors as shown in the Fig. 3 [31, 32].
2.1.4 Battery Bank System Characteristics
Without batteries to store energy, it would only be possible to have power when
renewable energy sources are available or the diesel generator running [33–36]. It
must also be decided how many days’ worth of energy must be stored in the battery
bank. Generally, system designs allow for an autonomy range of 2–5 days. In the
case of the example, an autonomy capacity of 2 days will be taken into account.
The total battery energy of a certain number of kW is multiplied by two and results
Fig. 3 Biomass system plant
layout
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in kWh, which then gives system autonomy of 2 days [37–39]. When designing
MG system, solar power generation systems, the designer must pay speciﬁc
attention to the selection of PV modules, batteries, inverters, and installation
material and labor expenses, and speciﬁcally be mindful of the ﬁnancial costs of the
overall project. The designer must also assume responsibility to assist the end user
with rebate procurement documentation [40]. Figure 4 shows how a storage battery
system unit is installed into the grid system with the objective to compensate with
power in case of shortage of energy for the household system.
2.1.5 Wind Turbine Generator Characteristics
Many rural areas have an ideal situation for developing community sized wind
projects on their reservations. Frequency control requires real-time balance between
generation and load, with system frequency deviation maintained within a certain
range and for a large interconnected system, frequency control performance is
important because of reliability concerns [41]. Figure 5 shows the wind turbine
generator system with the objective to give the idea of the operating principle of this
technology.
Fig. 4 Storage batteries diagram system interfacing DER
Controller
Generator Power
Grid
Drive
train
Wind
Fig. 5 Wind turbine generator system layout [41]
78 T. Madiba et al.
kkusakana@cut.ac.za
The operation of wind system requires adequate knowledge of average wind
conditions as well as the information on the turbulent nature of the wind [42]. The
knowledge of wind turbulence of a given site is necessary for cost optimization of
modern large wind turbines and it is crucial in the designing of the supporting
structures for wind turbines [43]. It also helps in the design of appropriate control
system that can mitigate the impact of structural loading on wind turbine resulting
from the turbulent wind [44].
One of the most important criteria for determining the feasibility of a wind
project is the level of wind resource available. The amount of energy that can be
harnessed from the wind is greatly dependent on the wind speed. Small to medium
size wind turbines generally need at least a class two wind resource, which averages
4.1–4.9 m per second. To easily explain the wind turbine design and its aerody-
namic characteristics, ﬁrst consider the speed of wind as a random variable. The
Weibull distribution function with two parameters is commonly used to describe a
wind speed data [45]. It provides a convenient representation of the wind speed data
for wind energy calculation purposes. The general representation of the Weibull
distribution is given by:
FðVwindÞ ¼ ðg=cÞðVwind=cÞg1 exp ðVwind=cÞgð Þ ð2Þ
where Vwind is the wind speed (m/s), c is the scale factor of the Weibull distribution
with unit of speed, and η is the shape factor of the Weibull distribution, which is
dimensionless. There are several methods for calculating the parameters of the
Weibull wind speed distribution for wind energy analysis. Generally, we can cal-
culate the two parameters using the following expression:
g ¼ rw=Vmeanð Þ1:086 and c ¼ Vmeancð1þ 1=g ; ð3Þ
where the c is the gamma function, Vmean is the average value of wind speed data,
and rw is the standard deviation of the wind speed data.
The mechanical part of the wind turbine consists of a yaw system, a pitch
system, blades, a tower, and a gearbox in which the extracted wind power from air
moving mass is transmitted to electrical system, i.e., generator for electric power
generation. The extracted power can be expressed as [46, 47]:
Pm ¼ q2 ArV3windCp k; bð Þ
k ¼ RT  xT=Vwind

; ð4Þ
where Pm is the mechanical active power in watts, q is the air density in kg/m
3, Ar
represents the surface area swept by the blade in m2, Vw stands for the wind velocity
in m/s, and Cp (k, b) is the power coefﬁcient which is a function of the tip speed
ratio (i.e., k) of the turbine blade and its pitch angle (i.e., b) in degree. Also, RT
represents the radius of the rotor in meter while xT is the mechanical speed of the
rotor in rad/s.
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Based on (4), the torque output by the wind turbine can be expressed as [48]:
T ¼ qpR3Cpðk; bÞV2wind=2k: ð5Þ
Therefore, referring to (4) above, the rotor speed can be regulated to maintain k
at its optimum value kopt and Cp at its maximum designed value Cpmax. In this case,
the maximum power captured by the wind turbine is given by [49]:
Pmax ¼ qpR5Cpmaxx3opt=2k3opt ¼ koptx3opt ð6Þ
and the maximum torque is
Tmax ¼ qpR5Cpmaxx2opt=2k2opt ¼ koptx3opt ð7Þ
where kopt is the constant which is determined by the wind characteristics. The
coefﬁcient Cp can be approximated using the wind turbine characteristics [48, 49]:
Cpðk; bÞk1 k2k1  k3b k4
 
e
k5
ki þ k6k
1
k1
¼ 1kþ 0:08b 0:035b3 þ 1
8<
: ; ð8Þ
where the coefﬁcients k1–k6 depend on the wind turbine design characteristics
which are given by k1 = 0.5176, k2 = 116, k3 = 0.4, k5 = 21, and k6 = 0.0068 [50].
Therefore, it is important to install the turbine where the wind resource is at high
speeds. It should also be noted that wind speed increases with elevation. The wind
shear is a variable that describes how much the speed differs with elevation. Data
collection of wind speeds and direction will need to be conducted for a minimum of
1 year [49–51].
2.1.6 Fuel Cell
A fuel cell consists of two electrodes, the anode and the cathode, separated by an
electrolyte [52]. Thin layer of platinum or other metals, depending on the type of
the fuel cell, is coated on each electrode to activate the reaction between oxygen
and hydrogen when they pass through the electrodes. The overall reaction is shown
by the equation below [53]:
H2 ðg)þ 12O2ðg)! H2O(1) DH ¼ 287kJ mol
1: ð9Þ
There are ﬁve major types of fuel cells generally available in the market. All of
them have the same basic design as mentioned, but with different chemicals used as
the electrolyte [54]. These fuel cells are the following: Alkaline Fuel Cell (AFC),
Phosphoric Acid Fuel Cell (PAFC), Molten Carbonate Fuel Cell (MCFC),
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Solid Oxide Fuel Cell (SOFC), and Proton Exchange Membrane Fuel Cell
(PEMFC). These fuel cells require fairly pure hydrogen fuel to run. However, large
amount of hydrogen gas is difﬁcult to transport and store [55].
2.1.7 Gas-Fired Power Stations
Gas-ﬁred power stations generate electricity by burning natural gas. A distinction
must be made between gas turbine power stations and gas-ﬁred steam power sta-
tions. Quick-start plants of this nature are used especially when power ﬂuctuations
or grid outages have to be made up for in short order and more electricity has to be
made available extremely quickly [56]. What is special about gas-ﬁred power
stations is that they are among the few types of power station that are peak
load-capable. In other words, gas-ﬁred power stations can be run up from stationary
to peak capacity in a matter of minutes. Quick-start plants of this nature are used
especially when power ﬂuctuations or grid outages have to be made up for in short
order and more electricity has to be made available extremely quickly [57].
2.1.8 Diesel Generators
A standby generator consists of an engine-driven generator that is used to provide
auxiliary power during solar blackouts or when the battery power discharge reaches
a minimum level. The output of the diesel generator is connected to the auxiliary
input of the inverter and engines that drive the motors operate with gasoline, diesel,
natural gas, propane, or any type of fuel [58]. As an option, the diesel generators
can be equipped with remote monitoring and annunciation panels that indicate
power generation data log and monitors the functional and dynamic parameters of
the engine, such as coolant temperature, oil pressure, and malfunctions [59].
Engines also incorporate special electronic circuitry to regulate the generator output
frequency, voltage, and power under speciﬁed load conditions [60]. The diesel
Generators are best used for backup power during long periods of little or no wind.
Under these circumstances the diesel generator runs just long enough to provide the
batteries with their bulk stage charge and for a portion of the absorption charging
stage [61, 62].
2.2 Comparison of Production Energies Options
Apart from its own merits, PV technology system is considered the best option for
many projects because of the potential state of development of other RETs in the
most of the countries. PV power is estimated to be the most expensive RET option
and micro-hydro is attractive on a cost basis [63]. Table 1 provides a summary of
Optimal Control System of Under Frequency Load Shedding … 81
kkusakana@cut.ac.za
T
ab
le
1
C
om
pa
ri
so
n
of
va
ri
ou
s
en
er
gy
pr
od
uc
tio
n
op
tio
ns
[6
4]
Fa
ct
or
s
PV
Fo
ss
il
fu
el
s
W
in
d
tu
rb
in
es
M
ic
ro
-h
yd
ro
M
un
ic
ip
al
so
lid
w
as
te
/b
io
m
as
s
St
ak
eh
ol
de
r
in
te
re
st
L
ea
de
rs
hi
p
an
d/
or
in
ve
st
m
en
t—
go
ve
rn
m
en
t
H
ig
h
N
ot
ap
pl
ic
ab
le
H
ig
h
M
ed
iu
m
H
ig
h
St
ak
eh
ol
de
r
in
te
re
st
Pr
iv
at
e
se
ct
or
an
d
ge
ne
ra
l
pu
bl
ic
H
ig
h
N
ot
ap
pl
ic
ab
le
M
ed
iu
m
L
ow
H
ig
h
(5
co
m
pa
ni
es
,
3
fo
re
ig
n,
2
lo
ca
l,
ha
ve
pa
rt
ic
ip
at
ed
in
te
nd
er
)
C
os
t
O
ve
ra
ll
co
st
pe
r
un
it
of
el
ec
tr
ic
ity
H
ig
h
(b
ut
co
st
s
ar
e
st
ea
di
ly
de
cr
ea
si
ng
)
M
ed
iu
m
(w
ith
ri
sk
of
si
gn
iﬁ
ca
nt
co
st
in
cr
ea
se
s)
H
ig
h
L
ow
L
ow
C
os
t
U
p-
fr
on
t
ca
pi
ta
l
co
st
s
H
ig
h
M
ed
iu
m
H
ig
h
H
ig
h
H
ig
h
C
os
t
A
va
ila
bi
lit
y
of
ﬁ
na
nc
in
g
L
ow
M
ed
iu
m
(G
ov
t.
su
bs
id
ie
s
to
en
d)
H
ig
h
(g
ra
nt
)
L
ow
H
ig
h
(ﬁ
na
nc
in
g
in
pl
ac
e)
T
ec
hn
ic
al
fe
as
ib
ili
ty
C
om
pl
ex
ity
of
te
ch
no
lo
gy
H
ig
h
(s
im
pl
e,
pr
ov
en
te
ch
no
lo
gy
)
H
ig
h
(a
lr
ea
dy
ex
is
ts
)
M
ed
iu
m
(c
om
pl
ex
,
ne
w
to
co
un
tr
y)
H
ig
h
L
ow
T
ec
hn
ic
al
fe
as
ib
ili
ty
G
ri
d
co
m
pa
tib
ili
ty
H
ig
h
V
er
y
hi
gh
(a
lr
ea
dy
ex
is
ts
)
M
ed
iu
m
ex
pe
ns
iv
e
av
er
ag
e
T
ec
hn
ic
al
F
ea
si
bi
lit
y
Si
te
su
ita
bi
lit
y
H
ig
h
(m
an
y
si
te
s
ca
n
be
us
ed
)
V
er
y
hi
gh
(a
lr
ea
dy
ex
is
ts
)
L
ow
(f
ew
si
te
s
po
ss
ib
le
)
L
ow
(v
er
y
fe
w
si
te
s)
H
ig
h
(e
xi
st
in
g
la
nd
ﬁ
ll)
T
ec
hn
ic
al
fe
as
ib
ili
ty
R
el
ia
bi
lit
y
of
su
pp
ly
H
ig
h
H
ig
h
(a
lth
ou
gh
ri
sk
ex
is
ts
of
su
pp
ly
di
sr
up
tio
ns
)
L
ow
(w
in
ds
ar
e
hi
gh
ly
se
as
on
al
)
L
ow
(r
ai
nf
al
l
is
hi
gh
ly
se
as
on
al
)
M
ed
iu
m
So
ci
al
be
ne
ﬁ
ts
Jo
b
cr
ea
tio
n
H
ig
h
M
ed
iu
m
L
ow
hi
gh
hi
gh
So
ci
al
be
ne
ﬁ
ts
H
um
an
he
al
th
(a
ir
qu
al
ity
)
H
ig
h
L
ow
H
ig
h
H
ig
h
M
ed
iu
m
So
ci
al
be
ne
ﬁ
ts
N
at
io
na
l
en
er
gy
se
cu
ri
ty
H
ig
h
(i
f
th
er
e
is
w
id
es
pr
ea
d
ad
op
tio
n)
L
ow
(v
ul
ne
ra
bl
e
to
pr
ic
e
ﬂu
ct
ua
tio
ns
;
su
pp
ly
di
sr
up
tio
ns
)
H
ig
h
L
ow
(t
ot
al
po
te
nt
ia
l
is
1.
8
M
W
)
M
ed
iu
m
82 T. Madiba et al.
kkusakana@cut.ac.za
the strengths and weaknesses of the various RETs in comparison to one another,
and to the existing fossil fuel-based energy production system.
This is with regard to the ﬁnancial costs of solar PV and other renewable energy
technologies (RETs) as compared to the existing fossil fuel-based energy produc-
tion in many developed countries. PV systems are currently a competitive option
for energy production in many of the countries in the world.
3 Contribution of Renewable and Nonrenewable
Resources into the Microgrid System
In this section of this chapter, a microgrid system has been considered as a case of
study with the objective to show how the voltage and the frequency can be con-
trolled when there are disturbances with the plan to keep the system running
properly.
3.1 Microgrid System Conﬁguration
Figure 6 presents the typical MG system to be taken into consideration during
performance evaluation. The main components of the MG system are the Wind,
PV, diesel systems, batteries energy storage system (BESS) and loads. The BESS is
entitled to supply power to the system when there is lake of power from both diesel
generator and PV systems.
3.2 Problem Formulation
3.2.1 System Description
The MG used in this work is presented in Fig. 6. The system is composed of three
energy sources namely, a diesel generator, PV system, and their associated battery
storage systems. Additionally, from the consumer’s side, there are two identical
loads which are noncritical PL1 and PcL2 . The power from the diesel generator
system is considered to be produced at lowest cost and to keep its value as long as
the MG is operating. The aim is to meet the demand with the capacity of power
delivery and the control of voltage and frequency to the hybrid system. The
modeling of the MG under frequency load shedding (UFLS) scheme can be done
according to the logical method of solving this kind of problem.
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3.2.2 Objective Function
The objective of this work is to minimize the cost of the fuel and the noncritical
power consumption by incorporating switches as control devices to the model
operating on ON/OFF. Both switches are applied to the number of variables in
accordance with number of samples Ns during the operation period of the hybrid
system. Mathematically, this can be written as optimal control problem where the
control objective is the minimization of the cost of the total daily energy produced
by the diesel generator to the loads. This problem can be characterized by the
Eq. (10) as follow:
Objective function:
min Cf
XNs
i¼1
[aP2DG(j)þ bPDG(j)þ c] Dt; 1 iNsð Þ; ð10Þ
where Cf is the cost of the fuel used to run the DG; a, b, and c are respective factors
applied to the fuel properties; Dt is the variation of time during what the hybrid
system will be operating daily; PDG is the output power from the diesel generator
Fig. 6 Typical conﬁguration of microgrid system with renewable energy resources
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system to the hybrid system; i is the number of horizon, and Ns is the number of
samples considered for the optimization study of the hybrid system.
3.2.3 Constraints
The constraints equations of the system are characterized by the main expressions
which are power balance, frequency constraint, state of charge of the battery bank,
and boundary constraints of the control variables considered for this study into the
MG system.
(a) Power balance equation
The power balance generated at the common point of the connections should be
greater or equal to the total power demand at the same point. We can write the
Eq. (11) as follows:
Pe(k)þPPV(k) PB(k)
XnLoad
i¼1
PL  ui; 1 i n
Load
1 kNs
 
ð11Þ
where PL(t) is the power demand of the ith critical load at time t; Pe(k) is the
electrical power from the diesel generator, PPV(k) is the output power from the PV
system, PB(k) is the output power from the battery system, ui is the switch applied
to each load, and nLoad is the number of loads to be supplied into the hybrid system.
(b) Frequency constraint
The speed of the diesel generator in the MG power system changes in direct
proportion to frequency. As frequency drops in the system, the selected diesel
generator will turn slower and supply less energy. The accelerated power of the
small hydropower generator is written by the expression (12) as follows [60]:
Pa ¼ M dxddt ¼ Pm  Pe
M ¼ GHpfs
xd ¼ xe  xs
8><
>: ; ð12Þ
where G is the machine rating (base) expressed in MVA; H is the inertia constant in
MJ/MVA; fs is the synchronous frequency expressed in Hz, and the considered
value is (60 or 50 Hz); M is the moment of inertia in MJ/MJ/rad/s; xd is the
electrical rotor speed displacement from synchronously rotating reference frame; xs
is the synchronous speed of the synchronous machine; xe is the electrical rotor
speed of the machine.
The motion Eq. (12) of the generator can also be expressed in the discrete-time
domain and is written as the expression (13):
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M
xðkÞ  xðk  1Þ
Dt
¼ Pðk  1Þ  Pðk  1Þ; ð13Þ
In another form, Eq. (13) can be rewritten as (14) below:
xdðkÞ ¼ xdðk  1Þþ DtM Pmðk  1Þ  Peðk  1Þ½ : ð14Þ
By recurrence manipulation, the displacement speed xd (k) can be expressed in
terms of its initial value, xd (0) as follows:
xdðkÞ ¼ xdð0Þþ DtM
Xk
s¼1
PmðsÞ  DtM
Xk
s¼1
PeðsÞ: ð15Þ
The boundary constraints of the frequency constraints are therefore written as
follows:
xmind ðkÞxdð0Þþ
Dt
M
Xk
s¼1
PmðsÞ  DtM
Xk
s¼1
PeðsÞxmaxd ðkÞ: ð16Þ
(c) State of charge of battery bank
The state of charge of the battery bank as shown in Fig. 6 can be expressed in
discrete-time domain, by the following equation:
SoCðkÞ ¼ SoCðk  1Þ  Dt
Cn
PBðk  1Þ; ð17Þ
where Cn is the nominal capacity of the battery bank. The state of charge (SoC) can
be expressed in terms of its initial value, SoC(0) by the following expression:
SoCðkÞ ¼ SoCð0Þ  Dt
Cn
Xk
s¼1
PBðsÞ: ð18Þ
The lower and upper limits on the state of charge of the battery bank are
expressed as:
SoCminðkÞ SoCð0Þ  Dt
Cn
Xk
s¼1
PBðsÞ SoCmaxðkÞ: ð19Þ
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(d) Boundary constraints of control variables
The boundary constraints of the considered variable parameters into the MG
system under frequency load shedding scheme are explained and written by their
appropriated from Eqs. (20)–(23) as follows:
The active power of the DG is deﬁned as the real part of the complex variable of
the apparent power. This quantity is physically limited in the selected generator.
The lower and upper generator active power limits are expressed by Eq. (20) as
follows:
Pmine PeðkÞPmaxe ð1 kNsÞ: ð20Þ
The power generated by PV system is deﬁned to be the real variable. This
quantity is physically limited in the selected PV plant. Thus, the lower and upper
boundaries of PV active power limits are expressed as in Eq. (21):
PminPV ðkÞPPVðkÞPmaxPV ðkÞ; 1 kNsð Þ: ð21Þ
The output power of the battery bank is also deﬁned as the real-active power.
This quantity is physically limited in the selected batteries. The lower and upper
capacities limits are expressed by the Eq. (22) as follows:
PminB ðkÞPBðkÞPmaxB ðkÞ; 1 kNsð Þ: ð22Þ
The variations of the network frequency and voltage variables must be main-
tained under certain limits. These quantities are physically limited for the selected
equipment into the MG system. In this case, the lower and upper limits of frequency
and voltage can be expressed by taking the system nominal frequency and voltage
as in Eq. (23) with the following structure:
fminðkÞ fnomðkÞ fmaxðkÞ
VminðkÞVnomðkÞVmaxðkÞ; 1 kNsð Þ
(
ð23Þ
3.3 Simulation Results
For the adequate study, additional load data need to be provided in order to
complete the design of power supply resources. The main the objective is that the
supply side must meet the demand side capacities. Finally, the simulation results of
the MG model under frequency load shedding scheme are presented in this section.
Optimal Control System of Under Frequency Load Shedding … 87
kkusakana@cut.ac.za
3.3.1 Optimization Algorithm
Several optimization methods of algorithm can be applied for the resolution of the
concerns deﬁned in this work. The mathematical modeling of the problem of the
MG power system is a nonlinear objective function and there are some assumptions
to be taken into account. The fmincon function in MATLAB is proposed to ﬁnd the
minimum of a constrained nonlinear multi-variable function. Otherwise fmincon
ﬁnds a constrained minimum of a function of several variables. Because of these
reasons, the fmincon function of MATLAB R2015 Optimization Toolbox is
implemented to solve all the issues of this problem. The equation can be solved by
this function is expressed as:
min f ðXÞ ð24Þ
subject to
AX b ðlinear inequality constraintÞ;
AeqX ¼ beqðlinear equality constraintÞ;
CðXÞ 0 ðnonlinear inequality constraint),
CeqðXÞ 0 ðnonlinear equality constraintÞ;
LbXUb ðlower and upper boundsÞ:
8>>><
>>:
ð25Þ
For the optimal control equation, the vector X contains the feeders speed for all
sampling intervals. The linear inequality constraints are integrated into A and b. The
lower and upper boundary constraints Eqs. (20)–(23) are incorporated into Lb and
Ub. The MATLAB code implemented to solve this problem has been applied using
closed loop control system.
Fig. 7 Daily variations of global radiation and total load proﬁle
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3.3.2 Typical Application
The total variation of the typical daily load proﬁle PL [kW] of the consumers and
the variation of the global radiation per square meter Rad [kW/sqm] for solar are
given of in the Fig. 7.
Additionally, for doing the study of the MG system described in Fig. 6 presented
under Sect. 3, it is required to have other parameters to be applied into the sim-
ulation of the power system that are given in the Table 2.
3.4 Results and Discussions
After simulating the MG system described in Fig. 6 of Sect. 3 with consideration of
all the supply sources are operating at their full supply capacity, the results of the
variation of the energy resources are given in the Fig. 8. From the results shown in
Fig. 8, it seems that system is operating normal. We can also note that there is no
need to shed any of the load as the system is running at full capacity with the main
power supply from the diesel generator, PV unit compensated by battery system,
making the system run without any problem. Additionally, the saving on the fuel is
evaluated to 30% of the daily total consumption of the nominal consumption of the
diesel generator. As the effect of variation of frequency and the voltage of the
hybrid system are good and this can be seen from the Fig. 9. The results are
characterized by two types of legends. The dashed red lines mean the maximum
values while the black lines mean the normal values of parameters.
When the deliverable capacities of the supply system are not meeting their
maximum capacities because of some of the disturbances such as default of the
radiation, storage capacity problem, and malfunctioning of the diesel generator set for
some reasons, these have impact on the frequency and voltage as shown in Fig. 10.
Table 2 Simulation parameters [65, 66]
Item No Parameter Value
1 Diesel Generator 6 kW
2 Sampling time 1 h
3 Battery nominal capacity
Battery maximum SOC
Battery minimum SOC
Battery discharging efﬁciency
Battery charging efﬁciency
4 kWh or 84 Ah or 1 kW
95%
40%
100%
80%
4 Accepted Frequency
Accepted Voltage
(50 ± 1.5) Hz
(1 ± 0.05) pu
5 Diesel fuel price 1.4 $/l
6 Diesel Generator parameters a = 0.246, b = 0.0815
7 PV system 0.7 kWmax
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Fig. 8 Variation of the supply capacities of the hybrid system at full capacity
Fig. 9 Variation of the all the parameters of the hybrid system
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The disturbance is caused especially when both the diesel generator and PV systems
are running at 80% of their installed capacities and both loads are still connected to
the bus. As consequence, the variations voltage and the frequency of the hybrid
system are under the lower boundaries limits which is very dangerous for the
system and this has effect on the shedding of one of the load.
As this can be seen in the Fig. 10, the variations of voltage, frequency and the
State of Charge are not following the rules because of lack of power as both
suppliers are not running at their full capacities. For that, the need to equilibrate the
system is necessary. Therefore, the system is running under frequency load shed-
ding and the only way to solve the problem is to compensate the supply side in such
a way it still be at its required capacity for to balance the MG system.
Fig. 10 Variation of parameters of the hybrid system when the DG set and the PV are not running
at its full capacity
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After adjustment of the power from diesel generator set as shown in Fig. 11, the
frequency and the voltage variations parameters have become normal which mean
both parameters ranging between the average percentage limits of the nominal
required values. In other words, no load shedding simply because the supply
capacity has met the demand and it is concluded that the hybrid system is running
under balancing condition.
4 Conclusion and Technical Challenges
The hybrid power system needs to be appropriately controlled with the objective to
keep the system operating continuously. Especially when the main power supply is
considered to be provided from the diesel generator, the reliability of the system is
highly recommended in for the success of the both supplier and consumers. The
ﬂuctuations of the both frequency and the voltage into the microgrid system affect
Fig. 11 Adjustment of the supply capacities to correct the voltage, the frequency and the state of
charge of the hybrid system
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the productivity of the system. When there is no additional source of power to
compensate the existing sources of energy, this implies the elimination of one of the
loads to avoid the unbalancing of the microgrid power system. In case of
both critical and noncritical loads are still connected with supply side operating at
its less required capacity, the consequence of this is the under voltage which
automatically implies under frequency problem into the distribution system. The
good way to solve the variation of the frequency and voltage into the microgrid
system when there is unbalancing between the supply side capacity and demand
side is to carefully control the system in such a way that in case of disturbance at the
generator side as main supply capacity, the renewable energy need to compensate
with additional power to keep very small the variation of the voltage and frequency.
During the daytime, it always preferable to have the diesel generator set and PV
running at their full capacities so that when nighttime will come the battery can still
be able to supply the based load in the microgrid system. The effect of this, will
keep the variation of both frequency and voltage very low and there will be no need
to shed the load. The ﬂuctuation of both frequency and voltage in the hybrid
systems are not a factor to consider because this aspect has bad effect on the
lifespan equipment used in term of maintenance and operating costs. Additionally,
after this problem is well solved, also the productivity and the rentability of the
hybrid system are achieved. As future recommendations for both off-grid and
grid-connected microgrid systems, it is always preferable to provide a reserve
renewable source of energy which may be efﬁcient in price such as solar PV system
to compensate the existing suppliers and to save the operating cost of the diesel
generator. A second generator unit as a spare supplier source of energy is not
preferable because of the increase of the operating cost of the system which will
affect the rentability of the power system and the pollution of the atmosphere.
Finally, to prevent the increase of carbon emission, the use of quick renewable
energy such as PV system is the best and simple solution to be applied as described
in this chapter which is considered as clean energy to keep both the population and
environment safe.
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